We investigate behaviors of the D-dimensional gravity coupled to a dynamical unit timelike vector, the aether, present two new kinds of exact charged solutions and study the linearized wave spectrum of this theory. We find that in the case of uncharged case, one can construct the (or a slightly modified) first law at the universal horizons for both kinds of black holes. For the second kind aether black hole and for the first kind one in the extremal higher dimensions, the charge should be severely constrained thatQ ≪r0/2. Our results show that the spin-1 and spin-2 modes are the same as those in 4-dimensional spacetime, and only the spin-0 one is different and dependant on the dimension number n.
negligible [2] . So in this very high energy scale, one have to consider merging SM with GR in a single unified theory, known as "quantum gravity", which remains a challenging task. Lorentz symmetry is a continuous spacetime symmetry and cannot exist in a discrete spacetime. Therefore quantization of spacetime at energies beyond the Planck energy, Lorentz symmetry is invalid and one should reconsider giving up LI. There are some phenomena of LV. On the SM side, there is an a priori unknown physics at high-energy scales that could lead to a spontaneous breaking of LI by giving an expectation value to certain non-SM fields that carry Lorentz indices [3] . LI also leads to divergences in quantum field theory which can be cured with a short distance of cutoff that breaks it [4] . On the GR side, astrophysical observations suggest that the high-energy cosmic rays above the Greisen-Zatsepin-Kuzmin cutoff are a result of LV [5] .
Thus, the study of LV is a valuable tool to probe the foundations of modern physics. These studies include LV in the neutrino sector [6] , the standard-model extension [7] , LV in the non-gravity sector [8] , and LV effect on the formation of atmospheric showers [9] . Einstein-aether theory can be considered as an effective description of Lorentz symmetry breaking in the gravity sector and has been extensively used in order to obtain quantitative constraints on Lorentz-violating gravity [10] .
In Einstein-aether theory, the background tensor fields u a break the Lorentz symmetry only down to a rotation subgroup by the existence of a preferred time direction at every point of spacetime. The introduction of the aether vector allows for some novel effects, e.g., matter fields can travel faster than the speed of light [11] , dubbed superluminal particle. Due the existence of the superluminal gravitational modes, so the corresponding light-cones can be completely flat, and the causality is more like that of Newtonian theory [12] .
It is the universal horizons that can trap excitations traveling at arbitrarily high velocities. Recently, two exact charged black hole solutions and their Smarr formula on universal horizons in 4-and 3-dimensional spacetime were found by Ding et al [13, 14] . Constraints on Einstein-aether theory were studied by Oost et al [15] and, gravitational wave studied by Gong et al [16] after GW170817. Other studies on universal horizons can be found in [17] .
In the higher than 4-dimensional spacetime, there is a work on the aether black hole solutions [18] done by Kai Lin and Hei-Hung Ho. However, its thermodynamic study is absent. In the present paper, we study the thermodynamic properties of higher D-dimensional solutions and the linearized wave spectrum in this spacetime.
There are several motivations for study on higher than four dimensional black holes. If the purpose of GR is to describe the geometry of spacetime, then it should not be restricted only to 4-dimensions [19] . Endowing theory contains gravity and requires more than four dimensions and it achieves to a successful microstate description of black hole entropy. Brane World model suggested that our four dimension universe is actually a membrane embedded in a five dimensional spacetime. The AdS/CFT correspondence relates the dynamics of a D-dimensional black hole with those of a quantum field theory in D − 1 dimensions without gravity. In the large D limit, recent study shows that the theory of GR becomes extremely simplified: black holes behave as non-interacting particles [21] .
The rest of the paper is organized as follows. In Sec. II we provide the background for the Einstein-Maxwell-aether theory studied in this paper. In Sec. III we review the Smarr formula of a black hole, and then show the procedure of how to construct a Smarr formula for spherically symmetric solutions. In Sec.
IV, we first construct two new classes of exact charged solutions, and then use them as examples to study the Smarr formula and first law. In Sec. V, we present our main conclusions and some discussions. In appendix, we study the linearized Einstein-aether theory in D-dimensional spacetime.
II. EINSTEIN-MAXWELL-AETHER THEORY
The general action for the Einstein-Maxwell-aether theory can be constructed by assuming that: (1) it is general covariant; and (2) it is a functional of only the spacetime metric g ab , an unit timelike vector u a and Maxwell field A a , and involves no more than two derivatives of them. So that the resulting field equations are second-order differential equations of g ab , u a and A a . To simplify the problem, the coupling between aether field and Maxwell one is ignored. Then, the Einstein-Maxwell-aether theory to be studied in this paper is described by the action,
where D ≥ 4 is the number of dimensions of the given spacetime. To a spherically symmetrical spacetime, one can split the dimensions D into D = n + 2 with coordinates (t, r, θ 1 , θ 2 , · · · , θ n ), whose transverse space is a n dimensional sphere space.
In terms of the tensor Z ab cd defined as [22, 23] ,
the aether Lagrangian L ae is given by
where c i (i = 1, 2, 3, 4) are coupling constants of the theory. The aether Lagrangian is therefore the sum of all possible terms for the aether field u a up to mass dimension two, and the constraint term λ(u 2 + 1)
with the Lagrange multiplier λ implementing the normalization condition u 2 = −1. The source-free Maxwell
Lagrangian L M is given by
4)
where A a is the electromagnetic potential four-vector.
Here, we impose the following constraints 1 ,
where c 14 ≡ c 1 + c 4 , and so on 2 .
The equations of motion, obtained by varying the action (2.1) with respect to g ab , u a , A a and λ are
respectively, where the aether and Maxwell energy-momentum stress tensors T ae ab and T M ab are given by
The acceleration vector a a appearing in the expression for the aether energy-momentum stress tensor is defined as the parallel transport of the aether field along itself,
Following [24] , in spherically symmetry spacetime, the symmetry enforces u a hypersurface-orthogonal and becoming normal to one or more constant-radius hyperfurface that lies inside the Killing horizon. So one can let Σ U denote a surface orthogonal to the aether vector u a , then U is the aether time generated by u a that specifies each hypersurface in a foliation. As one moves in toward the origin, each Σ U hypersurface bends down to the infinite past, and asymptoting to a three-dimensional spacelike hypersurface on which (u · χ) = 0, which implies that the Killing vector becomes tangent to Σ U . This hypersurface is the universal horizon.
Therefore, we are going to reduce these equations to a spherical symmetry case.
We first define a set of basis vectors at every point in the spacetime, so that we can project out various components of the equations of motion. Let us first take the aether field u a to be the basis vector. Then, pick up n spacelike unit vectors, denoted, respectively, by m a (i) (i = 1, 2, · · · , n), all of which are normalized to unity, mutually orthogonal, and lie on the tangent plane of the n-spheres B that foliate the hypersurface Σ U . Finally, let us pick up s a , a spacelike unit vector that is orthogonal to u a , m a (i) and points "outwards" along a Σ U hypersurface, so we have the frame tetrad, (u a , s a , m a (i) ), with the metric
whereĝ ab is n-spheres B of D-dimensional spherically spacetime.
By spherical symmetry, any physical vector A a has at most two non-vanishing components along, respectively, u a and s a , i.e., A a = A 1 u a + A 2 s a . In particular, the acceleration a a has only one component along s a , namely, a a = (a · s)s a . Similarly, any rank-two tensor F ab may have components along the directions of the bi-vectors u a u b , u (a s b) , u [a s b] , s a s b ,ĝ ab . The most basic expansions among these basis are the derivatives for u a and s a
ab is the extrinsic curvature of the hypersurfaces Σ s , andk andK are the traces of the extrinsic curvatures of a n-sphere Bk
with K = ∇ · u (≡ K 0 +K) being the trace of the extrinsic curvature of the hypersurface Σ U .
In the following, we study the expansion of the Maxwell field F ab , Killing vector χ a , surface gravity κ, energy-momentum stress tensors T ae ab and T M ab , and Ricci tensor R ab . The given source-free Maxwell field F ab can be formulated in terms of four-vectors representing physical fields. They are the electric field E a and magnetic excitation B a as [27] ,
where e abmn is the Levi-Civita tensor. For source free Maxwell field or from Eq.(2.6), it can be shown B a = 0, that is, there is no need to consider e abmn . Then, we find
On the other hand, the electric field is spacelike, since E a u a = 0. So, we have E a = (E · s)s a . Thus,
Using Gauss law, there has [26]
representing the total charge Q of the space-time:
where A and Ω n are the area and the volume of n-sphere, A = r n Ω n ,
Therefore, we have
The Einstein, aether and Maxwell equations of motion (2.6) can be decomposed by using the tetrad u a , s a andĝ ab defined above,
The coefficients of T ae ab and T M ab in (2.17) can be computed from the general expression (2.7). The corresponding coefficients for R ab , on the other hand, are computed from the definition [∇ a , ∇ b ]X c ≡ −R c abd X d by choosing X a = u a or s a , and then contracting the resulting expressions again with u a and/or s a appropriately. The coefficients for the three (u, s) cross terms are
The aether equation s · AE = 0 and the us-component R us = T ae us + 8πG ae T M us yield
After rewriting the motion Eq. (2.6) as
where T = g ab T ab , then the uu-and ss-components of the gravitational field equations give
In the next sections, we will use these equations to obtain new black holes solutions.
III. SMARR FORMULA
In this section we firstly review the Smarr formula. And then using Komar integral method, we show the procedure of deriving the Smarr formula in D-dimensional Einstein-Maxwell-aether theory.
To derive the Smarr formula, we first introduce the ADM mass, which is identical to the Komar mass defined in stationary spacetimes with the time translation Killing vector χ a [24] ,
where dΣ ab ≡ −u [a s b] dA, with dA (≡ r n dΩ n ) being the differential area element on the n-sphere B, and B ∞ is the sphere at infinity. Now we shall present the process of deriving Smarr formulas of the universal horizons for general Ddimensional static and spherically symmetric Einstein-Maxwell-aether black holes. Let us first consider the geometric identity [28] ,
The derivative of the Killing vector χ a = −(u · χ)u a + (s · χ)s a is given by
where κ denotes the surface gravity usually defined in GR, and is given by
At the infinity, we have (u · χ) = −1 and (s · χ) = 0. Then, Eq.(3.1) yields,
Then Eq.(3.2) can be cast in the form,
where
On the other hand, comparing Eq.(3.7) with the soucre-free Maxwell equations (2.6), we find that its solution must also take the form (2.16), that is, q(r) = q 0 /r n . Therefore, for asymptotically flat space-time we have,
as r → ∞. Then, from Eq.(3.8) we find that q 0 = [1 − (1 − 1/n)c 14 ]r 0 /2. Thus, we have
Inserting Eq.(3.9) into Eq.(3.5), we find that the ADM mass is given by
And the total mass M of the spacetime is
where M ae = (1/n − 1)c 14 M ADM is the aether mass or aether contribution to the renormalization of M ADM .
On the other hand, using Gauss' law, from Eq.(3.7) we find that
Here dΣ a is the surface element of a spacelike hypersurface Σ, and dA is the area element of n-dimensional sphere. The boundary ∂Σ of Σ consists of the boundary at spatial infinity B ∞ , and the horizon B H , either the Killing or the universal. Note that Eq.(3.13) is nothing but the conservation law of the flux of F ab . Comparing the above expression and Eq.(3.8), we find the following Smarr formula in D-dimensions [29] ,
where A H are the area of infinite boundary and the universal horizon. The q H are the value of q in (3.8) at the infinite and universal horizon.
In GR, from Eq. (3.3) and (3.2), the q H is just the surface gravity κ H on the usual Killing horizon. Now in the presence of aether field, it contains the aether contribution and becomes complicated. However, the first law for the aether black hole may still be obtained via a variation of these Smarr relations. In the next section we consider it for two new classes of exact charged aether black hole solutions.
For the surface gravity at the universal horizon, when one considers the peeling behavior of particles moving at any speed, i.e., capturing the role of the aether in the propagation of the physical rays, one finds that the surface gravity at the universal horizon is [12, [30] [31] [32] 
where in the last step we used the fact that χ a is a Killing vector, ∇ (a χ b) = 0. It must be noted that this is different from the surface gravity defined in GR by Eq. 
where Ω n is the line-element of n-sphere. And the corresponding timelike Killing and aether vectors are
where α(r) and β(r) are functions of r only. Then, the metric can be written as g ab = −u a u b + s a s b +ĝ ab , where we have the constraints u 2 = −1, s 2 = 1, u · s = 0.
Some quantities that explicitly appear in Eqs.(2.19)-(2.23) are [33] (
where a prime ( ′ ) denotes a derivative with respect to r. And α(r), β(r) and e(r) are
, β(r) = −(s · χ), e(r) = (u · χ) 2 − (s · χ) 2 . It is easy to see that there are many ways for satisfying these two equations, in the following, we shall consider only two special cases c 14 = 0, c 123 = 0 and c 123 = 0, c 14 = 0 to obtain both classes of exact solutions. where r 0 is an integral constant which then shows the ADM mass of the black hole. If c 13 = 0, it is the usual D-dimensional Reissner-Nordström black hole, but now with an universal horizon, which is very interesting.
The location of the universal horizon r UH is the largest root of equation u · χ = 0. Meanwhile, u · χ is a physical component of the aether, and should be regular and real everywhere. However, from Eq.(4.11) one can see that in the region r − < r < r UH , this term becomes purely imaginary, where r − is another root of u · χ = 0, unless the two real roots coincide. Then, r ae becomes a function of r 0 . That is, the global existence of the aether reduces the number of three independent constants (r 0 , r ae , Q) to two, (r 0 , Q). Thus, from (u · χ) 2 = 0 and d(u · χ) 2 /dr = 0 [30] , we find
(4.13)
One can see that the charge Q is subjected to the conditionQ ≤ (n + 1)r 0 /4 √ n, in order to have r UH real.
WhenQ =r 0 /2, we find r 2n ae = 0 and r n−1 UH =r 0 /2. WhenQ >r 0 /2, we have r 2n ae < 0. Thus, in order to have the aether be regular everywhere, the charge should be,
which is the same as that given in the Reissner-Nordstrom black hole. Now let us derive the Smarr formula and the first law at the universal horizon. The surface gravity at the universal horizon can be computed via (3.15) and given by
If one uses definition (3.16) , then this surface gravity is 
(4.18)
After variation it with respect to A UH and Q, one get the differential form
which might be used as the effective first law to these Einstein-aether black holes. One can see that the prefactor of δA UH isn't proportional either to κ(r UH ) or κ UH ! In the following, we study thermodynamic properties of the universal horizons in three cases. where the temperature can be defined as T = κ(r UH )/2π and the entropy as S = A UH /4.
Extremely high dimension case n → ∞ and c13 = 0
When n → ∞ and c 13 = 0, the metric function Now the surface gravity at the universal horizon are given by
The Eqs. (4.18) and (4.19) becomes which also can be obtained by dividing Eq. (4.29) by 2π and letting 2Q/r 0 ≪ 1. It is easy to see that in the much higher dimension, like the second kind aether black hole, the electric charge should be constrained severely. 
(4.39)
From the above expressions, we find
(4.40)
Since it is one of the component of u a , it should be regular everywhere (possibly except at the singular point r = 0), we must have
The position of the universal horizon r UH and its surface gravity (using Eq. 3.15) are 
From (3.8) and (3.13) , one get the Smarr formula After variation it with respect to A UH and Q, one get the differential form
There is no term that involves the chargeQ ! This can be understood that the charge should be constrained severely small which also can be obtained from Eq. (4.41). The gravitational wave event GW170817 and the one of gamma-ray burst GRB170817 provide much severe constrain that c 13 < 10 −15 [15] . Therefore one can easily get the condition 2Q/r 0 ≪ 1. In the following, we study thermodynamic properties of the universal horizons in two specific cases. and its universal horizon and Killing horizon are given by
The surface gravity at the universal horizon are given by where the temperature can be defined as T = κ(r UH )/2π and the entropy as S = A UH /4.
Extremely charged caseQ
When the charge is extremely large, i.e., from Eq. which is just D-dimensional Schwarzschild black hole but now it is charged. Its universal horizon and Killing horizon are given by
The surface gravity at the universal horizon are given by
The Eqs. (4.45) and (4.46) become
If using the condition 2Q/r 0 ≪ 1, one can obtain that
which shows that the first law of black hole thermodynamics holds.
V. CONCLUSIONS AND DISCUSSION
In this paper, we have studied the static, spherically symmetric, asymptotically flat black hole solutions of Einstein-Maxwell-aether theory and the linearized wave spectrum in the higher D-dimensional spacetime.
We present two new kinds of charged D-dimensional black holes with universal horizons: the first kind c 14 = 0, c 123 = 0; the second kind c 14 = 0, c 123 = 0. In both of cases, the universal horizons are independent of the coupling constants c i .
We first study the Smarr relation associated with the universal horizon like the usual Killing horizon in GR.
With the use of ADM mass, we find the total mass (3.12) of an asymptotically flat solution defined in the asymptotic aether rest frame. Then the Smarr relation (3.14) is constructed with the total mass. One will presume the quantity q UH is identical to the surface gravity at the universal horizon. However, there are two definitions (3.15) and (3.16) . It is proportional to κ(r UH ), i.e., q UH = (1 − c 13 )κ(r UH ), but not proportional to κ UH . So the definition (3.16) seems pleasant. But the definition (3.15) captures the role of the aether in the propagation of the physical rays and is more reasonable. For the charged aether black holes, they are completely different from each other. In order to make them consistent with each other, we have to set the charge Q = 0. Only in this way, both definitions have slightly difference.
We then consider the first law of a black hole mechanics associated with the universal horizon. We variate the obtained Smarr relation with respect to the universal horizon area and charge and find that: for the first kind charged aether black hole, the prefactor of δA UH isn't proportional either to κ(r UH ) or κ UH ; for the second one, there is no term involving charge Q! In order to explain them, we consider some special cases: neutral, extremely high dimensions and large charge. For the neutral aether black hole, both kinds of them can have a slightly modified first law of black hole mechanics associated with the universal horizon. For the second kind aether black hole and the extremely dimensions n → ∞ to the first kind one, the charge should be constrained severely, 2Q/r 0 ≪ 1. In this way, one can still construct such first law.
We lastly study the linearized aether wave spectrum and find that there are a total of five wave modes.
The first two are the usual spin-2 gravitational waves-transverse ǫ jl = 0 and traceless ǫ aa = 0, ǫ I = ǫ Id = 0 whose speeds are the same as those in 4-dimensional spacetime. The second two modes are spin-1 transverse aether wave ǫ I = 0, and ǫ Id = 0 whose speeds are also the same as those in D = 4 spacetime. The fifth mode is spin-0 trace aether wave-nonzero ǫ 00 , ǫ dd , ǫ II whose speed is dependant on dimension number n.
Note that the solutions presented in this paper can be generalized to the case coupled with the cosmological constant Λ, which are given by which are similar to those in ref. [18] , where l s = √ Λ ′ /(n + 1) and Λ ′ is an integration constant. In addition, from these solutions, one can also construct topological charged Einstein-aether (anti) de Sitter black holes, which are
where e(r) is given by Eq. (5.1) . The studies of the properties of the above solutions are out of the scope of this paper, and we hope to report them in another occasion soon. and the coordinates are chosen such that the wave vector is (k 0 , 0, · · · , 0, k [(1 − c 13 )s 2 − 1](ǫ 11 − ǫ 22 + · · · + ǫ (n−1)(n−1) − ǫ nn ) = 0 (A17) for even n, or [E 11 − E 22 + E 33 2 + · · · + E (n−1)(n−1) − E nn ]
[(1 − c 13 )s 2 − 1](ǫ 11 − ǫ 22 + ǫ 33 2 + · · · + ǫ (n−1)(n−1) − ǫ nn ) = 0 (A18) for odd n.
There are a total of five modes. The first two modes corresponding to the usual gravitational waves in GR are found when polarization components ǫ I , ǫ Id , ǫ 00 , ǫ dd , ǫ II vanish. Then Eqs. (A14) and (A17) or (A18) give the unexcited aether wave (transverse ǫ jl = 0 and traceless metric ǫ II = 0 ) modes-spin-2
which is the same as that in 4-dimensional spacetime [34] . The constant c 13 should be less than unit to insure that s 2 2 > 0, here we employ the constrain 0 ≤ c 13 < 1.
(A20)
Note that it is consistent to gost-free condition (the coefficients of the time kinetic term of each excitation q S,V,T must be positive, where S, V, T are to be scalar, vector and tensor, respectively) q T = 1 − c 13 > 0 [15] .
The second two modes correspond to transverse aether-metric when polarizations ǫ I and ǫ Id are nonzero.
Then Eqs. (A11) and (A15) give the transverse aether wave modes-spin-1
which is also the same as that in 4-dimensional spacetime [34] .
The fifth mode corresponds to nonzero polarizations ǫ 00 , ǫ dd , ǫ II . To avoid over determining the speed, the difference equation must be identically satisfied, i.e., the sums in parenthesis () of Eq. (A17) or (A18) must be zero. Then Eqs. (A12, A13, A16) give the trace aether wave modes-spin-0
It is only this speed of spin-0 wave mode that depends on dimension number n. Eq. (3.12) shows that c 14 < n/(n − 1), and in the small c i limit, s 2 0 → c 123 /c 14 implies that c 123 /c 14 > 0. The gost-free condition q V = c 14 > 0 [15] gives that c 123 > 0. Therefore here we employ the constrain 0 ≤ c 14 < n n − 1 .
To insure that s 2 0 > 0, here we employ another constrain 1 + c 2 + n − 1 n c 123 > 0. (A24)
